Abstract Mesoporous silicates (MPS) possess ordered pore structures with pore diameters sufficiently large to accommodate a range of enzymes. The successful immobilization of an enzyme on MPS usually requires modification of the surface of MPS to optimize the interactions between the support and the enzyme. Recent developments on the functionalization of MPS for the immobilization of enzymes are described in this review.
Introduction
Immobilization of enzymes is used to improve the stability of the enzyme while at the same time providing a means of recovering and reusing the enzyme with retention of its catalytic function. A wide range of methods of immobilizing enzymes on a variety of supports have been described [1] . The ideal support for immobilization of an enzyme should have a high surface area with good mechanical and chemically stability, be available at low cost and have minimal non-specific adsorption properties. Mesoporous silicates (MPS) have been widely used as supports for enzymes in biocatalytic applications [2] [3] [4] . A method of preparation of MPS for use as low density silica was first described in 1969 [5] . A range of highly ordered MPS with large surface areas and pore diameters were subsequently described in 1991 [6] . Since the publication of this work there has been a surge in interest in using these materials for a broad range of applications. In particular, their ordered pore structure together with pore diameters which are comparable in size to those of enzymes make them ideal candidates for the immobilization of enzymes [2] [3] [4] . Transmission electron micrographs of three representative MPS materials depicting the ordered porosity of the materials are shown in Fig. 1 . The ordered porous structures of MPS materials provide a sheltered or protected environment where reactions with selected substrates can proceed.
Synthesis of MPS
The synthesis of an MPS material such as Mobil Composition of Matter (MCM-41) relies on the use of a surfactant template. The surfactant forms micelles and in the presence of a silicate source and the appropriate solution conditions, the surfactant forms liquid crystals which act as templates for the formation of MPS. The surfactant can then be removed by heating or by extraction to produce the porous silicate. Many different types of mesoporous materials have been synthesized. For example, Santa Barbara Amorphous (SBA) materials which have thicker walls and higher thermal stability than MCM-41 materials are prepared using non-ionic and block copolymer surfactants [7] .
A range of synthetic procedures have been developed which enables control of the pore diameter, structure, particle size, chemical composition and stability of MPS. As the synthesis and characterisation of MPS materials has been extensively reviewed [7] [8] [9] , the focus of this review will be on the use of functionalized MPS for immobilization of enzymes. Functionalised MPS can be prepared directly, post-synthesis and by the addition of bridged silesquioxanes as the source of silica. MPS modified with functional groups such as thiol, amine, chloro, carboxylic acid, N-(trimethoxysilylpropyl)ethylene diamine triacetic acid (EDTA), oxirane rings, cyano, alkane and aromatic functional groups together with a range of metal ions have been prepared [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Direct Functionalization
Direct functionalization involves the co-condensation of siloxane and organosilane precursors to produce a material containing a homogenous dispersion of functional groups which protrude into the pore while also enabling access to the surface silanol groups for adsorption [7] [8] [9] . An example of this method of functionalization is the preparation of cyano modified MPS (CNS) [17] . A trypsin bioreactor based on CNS has been used to digest proteins in clinical samples [18] . Confinement of trypsin and of the proteins within the pores reduced the time required for sample digestion from 12 h to 15 min.
A disadvantage associated with direct functionalization is that the structure and order of the final material can be affected if the appropriate balance of surfactant, silicate, acid/base and solvent is not maintained throughout the reaction process. In addition, the functional group may become incorporated into the main body of the material and not on the surface. In the synthesis of MCM-48 materials containing phenyl, allyl, aminopropyl and mercaptopropyl functional groups [19] , the desired cubic mesophase was observed only when phenyltriethoxysilane (PTES) was used at a 10 % molar content. No discernible structural order was present with the other materials. The direct synthesis of hybrid MPS materials has been described using two approaches [20] . Template substitution involving the partial substitution of tetraethoxysilane (TEOS) and alkylamine surfactant with an organosilane was suitable for the synthesis of materials where the organic moiety was comparable in size to the amine surfactant. In contrast, the direct addition of organosilane, while maintaining the ratio of TEOS and amine surfactant used, was useful for the incorporation of organic moieties which are smaller than the amine surfactant.
Post-synthesis Functionalization
Post-synthesis functionalization involves direct grafting of a suitable functional group onto the surface of MPS and has been used to graft chloro, alkoxy, and silyl and amine groups [8] [9] [10] [11] [12] [13] [14] [15] onto the exposed surfaces of the mesoporous channels and external surface. The advantages of post-synthesis functionalization include the fact that no alteration of the structural ordering of the starting mesoporous material occurs and that functionalization occurs only on the surface. Disadvantages of the method include a decrease in the pore diameter, the requirement of extra steps in the synthesis procedure and lower levels of modification than can be achieved by co-condensation. Functionalization of the pore surfaces can alter the efficiency of covalent binding. Comparison of the immobilization of penicillin G acylase (PGA) on SBA-15 materials functionalised with different ratios of silanol:oxirane groups on the surface of MPS demonstrated that the partially functionalised materials had a higher enzyme loading as well as faster binding kinetics than the fully functionalised surfaces [21] .
It is important that functional groups be distributed evenly throughout the material. Post-synthesis grafting of vinyl groups on MPS was observed to occur predominantly on the external surface and around the pore openings [22] , due to the fact that silylation of the external SiOH groups is kinetically favourable. Such inhomogeneous distributions can arise from diffusional and steric factors. A two-step approach to functionalising the internal surface of the channels has been described [23] in which the external surface was first modified with Ph 2 SiCl 2 followed by functionalization of the internal surface with (CH 3 O) 3 Si(CH 2 ) 3 NH 2 . An important point to note when preparing materials using this approach is that the modified material should be sufficiently stable to withstand the solvent extraction process required to remove the surfactant.
Bridged Silesquioxanes
Periodic mesoporous organosilicate (PMO) materials are prepared using a bridged silesquioxane (RO) 3 Si-R I -Si(OR) 3 as a precursor. PMOs may be synthesised under acidic or basic conditions. PMOs were initially prepared using ionic surfactants such as cetyltrimethylammonium bromide [24] [25] [26] to generate pores of 2-5 nm in diameter. Larger pores, ranging from 6 to 20 nm in diameter, have been generated with non-ionic triblock co-polymers such as P123 (EO 20 [27] . As an example of the stability of these materials, PMO-SBA-15 synthesized from P123 in acidic media [28] , was stable for 60 days when placed in boiling water. In comparison SBA was stable for only 10 days under the same conditions. This stability can be attributed to the thick pore walls, the highly hydrophobic surface nature of the organic silicate network and the enhanced degree of polymerization present in PMO-SBA-15.
The self-assembly of PMOs through surfactant templates requires a tailored structure, which balances the competing elements of static coulombic interactions between the surfactant head groups and the silica precursor, as well as the hydrophobic interaction between surfactant head groups and hydrophobic parts of the silesquioxanes. The ratio between surfactant and hybrid silesquioxanes is a key factor affecting their synthesis. As a result the synthesis conditions need to be more strictly controlled than for the synthesis of conventional MPS. The most significant advantage of this method of functionalization is the incorporation of the functional group in the wall structure. As a result, the functional groups do not protrude into the pore space and high loadings can be obtained. The structure also maintains a periodic pore system that can be tailored to specific needs through the adjustment of the organic spacer R I . A number of PMO's have been generated through this method, using bridging groups such as ethane, methylene, saturated alkyl chains containing methylene groups, benzene, thiophene, ferrocene [8, [29] [30] [31] . The organic functionality of PMO materials can be tuned to suit the application required. For example, Cornelius et al. [32] synthesized a PMO using 1,4-bis((E)-2-(triethoxysilyl)vinyl) benzene to introduce two organic functionalities into the pore wall structure, a vinyl group and an aromatic ring. These groups can be further functionalised if required.
The enzyme chloroperoxdase has been successfully immobilized on an amine based PMO. The optimal activity and stability of immobilized chloroperoxidase was obtained using a PMO with 40 % propylamine substitution. Stability studies using this material showed no loss in activity over 20 cycles, compared to a 90 % loss in activity for chloroperoxidase immobilized on amino grafted PMO [33] .
Metal Functionalized MPS
Many metals including Ni, V, Fe, lanthanides, Ru, Cu, Zn, Co, Ti, Al, In and Sn have been successfully incorporated into mesoporous materials. Direct grafting of titanocene dichloride to the inner walls of MCM-41 [34] has been used to prepare catalysts for the epoxidation of cyclohexane as well as for bulky cyclic alkenes. The catalytic activity of MPS with Ti incorporated into the mesopore structure displayed low catalytic activity as Ti was buried within the inner wall structure. Bein and coworkers [35] synthesised a molybdenum containing structure through the reaction of a bimetallic tin-molybdenum complex in the channels of MCM-41. Direct grafting of metal complexes has been performed, generally through use of an oxo-bridge [22, 36] . This method allows for the attachment of many metal oxides, with the optimal results obtained with Sn, In, Ni and Co. However, the method has only been successful for mesoporous silica monoliths and requires long processing times. Low catalytic activity is observed with metals which are incorporated into the mesoporous wall structure during the synthesis process. MPS prepared through a co-condensation method with a metal precursor retain the accessibility of the metal and have shown good catalytic activity as stand-alone catalysts [19] . However, the oxide moiety is not conducive to the coordination of ligands, which is necessary for the attachment of proteins. The third option, using a spacer ligand to post-synthetically tether the organometallic complex on the silicate surface, has previously been employed with some success [20, 22, 37] This has been demonstrated by the attachment of N-(trimethoxysilylpropyl) EDTA (ethylene diamine triacetic acid) to the surface of the silicate and subsequent use as a tethering ligand for nickel. The main advantage of this method is that the oxidation state of the coordinated metal ion is retained.
Enzyme Immobilization
Immobilization of enzymes generally occurs through one of the following methods; non-covalent adsorption and deposition; covalent methods; cross-linking and encapsulation in a polymeric gel or capsule. Immobilization of enzymes on MPS can occur via adsorption or covalent binding with adsorption being the most widely used method. The advantage of the latter is that it is a subtle approach and thus avoids denaturation of the enzyme and minimises conformational changes in the enzyme. As with any support, adsorption of enzymes on MPS, entails a range of electrostatic and hydrophilic/hydrophobic interactions.
Immobilization of Enzymes by Adsorption
A systematic approach to the adsorption of enzymes on MPS was described by Hudson et al. [2] which entailed a detailed examination of the factors that can influence the process of adsorption. The factors include the relative sizes of the mesopore and the enzyme, surface area, pore size distribution, mesopore volume, particle size, ionic strength, isoelectric point and the surface characteristics of the enzyme and of the mesoporous support. Using the enzyme subtilisin Carlsberg as an example (Fig. 2) , details of the electrostatic potentials and the degree of hydrophobicity/ hydrophilicity of the surface of the enzyme are essential requirements for the direct adsorption of an enzyme on the surface of a material.
A significant disadvantage of the use of adsorption to immobilize an enzyme is the weak forces of interaction that ensue, with leaching of the enzyme from the support being a major problem. In addition, the immobilization process is not a targeted one with immobilization possible at a range of sites on the surface of the enzyme, some which may enable the catalytic function of the enzyme, some of which may completely remove any catalytic activity.
Immobilization of Enzymes by Covalent Methods
Covalent immobilization of enzymes on MPS entails linking the enzyme to the support, generally using a linking agent such as glutaraldehyde [1] . This approach, as with any crosslinking approach, eliminates the possibility of leaching of the enzyme and can confer increased stability on the immobilized enzyme. For example, a-chymotrypsin supported on various mesoporous silicates functionalised with trimethoxysilylproponal displayed a half-life greater than 1,000-fold of that of the native enzyme in aqueous and organic media [38] . However, the conditions employed and/or possible conformation changes to the enzyme can affect the catalytic activity due to the rather indiscriminate means of cross linking the enzyme and MPS.
Ideally, immobilization of enzymes should occur in a targeted manner with the enzyme anchored at a point that does not affect either the conformation or activity of the enzyme. In particular diffusion of the substrate and product to and from the active site should not be hindered. A disadvantage of using MPS as enzyme supports lies in the indiscriminate means of binding of the enzyme. A targeted method of attaching an enzyme, which also minimises nonspecific binding of the enzyme, can overcome this disadvantage. Tailoring of the surface functional groups of MPS and of a protein can enable anchoring of the protein so that binding occurs in a specific manner, thus ensuring that the enzyme is not only irreversibly bound but also in an orientation which is substrate accessible. Such an approach has been described recently by anchoring an enzyme to MPS via a histidine tag which can coordinate to metal ions on the surface of MPS [39, 40] . 
Immobilisation of Enzymes by Metal Affinity Methods
This use of nickel modified materials is in widespread use in protein recombinant purification [24] . The adsorption of His-tagged proteins onto Ni(II) or Co(II) functionalised surfaces has been demonstrated previously [25, 26, 41] . Cho et al. [12] reported a post-synthetic preparation of a mesoporous silicate containing finely dispersed Ni particles through the use of N-(trimethoxysilylpropyl)ethylene diamine triacetic acid (EDTA) as a tethering ligand. Bruhwiler et al. [42] have described the covalent attachment of Ni, through a Ni-O-Si group, to the surface of MCM-41 by ion exchange from aqueous solution.
A wide range of polysiloxane-immobilised ligands have been previously used for the coordination of metal ions [32, 43, 44] . These generally consist of thiols, amines and N-/Scontaining ligands. However, such ligands may not have the stability required in aqueous solution. The use of cyclic polyamines can alleviate this factor. Cyclam (1,4,8,11-tetraazacyclotetradecane) is a widely used 14-membered tetra-amine macrocycle. The synthesis of silica supports covalently functionalised with cyclam derivatives has been described [13, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Cyclams can bind to a range of transition metals, including nickel, often achieving very high thermodynamic and kinetic stability in terms of metal ion dissociation which has lead to applications in catalysis [56] and medicine [57, 58] . Ni-cyclam complexes have been extensively studied [59] , in particular the tetra-Nsubstituted complexes [60, 61] . Mono-N-substituted cyclam they exist in a trans-III (S, S, R, R) (square-planar) configuration with two accessible coordination sites above and below the plane of the ring [62] , sites which can facilitate attachment of a protein to the surface of the silicate through a His 6 -tag on the protein (Scheme 1).
The specific adsorption of a His 6 tagged protein on a Nicyclam functionalised MPS was examined using a protease inhibitor (Spi) from the human pathogen Streptococcus pyogenes as a model system. The His 6 -tagged form of Spi has a molecular mass of 14.7 kDa an isoelectric point of 5.4 and does not possess a high surface charge, ensuring that electrostatic interactions with the carrier will be minimized. Hydrophobic interactions between the protein surface and the silicate surface were prominent, leading to unspecific protein-silicate binding. In the presence of PEG 400 these non-specific interactions were suppressed enabling specific binding of His 6 -tagged Spi onto SBA-15-Ni-cyclam. Based on this approach, histidine-tagged alanine racemase and histidine-tagged Candida antarctica lipase B have been immobilised onto MPS [50] .
Conclusions
MPS have been used extensively for the immobilization of enzymes. The successful immobilization of enzymes requires the preparation of MPS with functional groups that are tailored to provide a support that is compatible with providing a stable means of sequestering the enzyme with retention of catalytic activity. The surface of MPS can be functionalized directly, post-synthesis or via the use of bridged silesquioxanes. Such modifications do not preclude non-specific adsorption. The combination of using a tether on MPS such as Ni 2? cyclams has significant potential as this approach enables specific binding of any enzyme which contains a His 6 tag. Any nonspecific binding that does occur can be prevented by the addition of sodium chloride and polyethylene glycol. 
